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AN ELECTRIC MOTOR 

[0001] This application is the national phase under 35 U.S.C. § 371 of PCT 
International Application No. PCT/SE00/00138 which has an International filing 
date of January 2, 2000, which designated the United States of America 
and was published in English. 



BACKGROUND OF THE INVENTION 

1 . Technical Field 

[0002] The present invention relates to electric motors having a very limited 
rotation, for example in the range of about .±12° (degrees). Such motors are 
sometimes called galvanometers or rotary actuators. 

2. Description of the Background Art 

[0003] The dominating use of rotary actuators is in moving magnetic heads to a 
requested track in a hard disc drive. Most of such actuators use voice coil motors. 
Voice coil motors are, for example, used in the disc drive systems described in U.S. 
patents 5,329,267, 5,448,437, 5,459,362, 5,537,270 5,608,592, 5,621,591, 
5,654,848 5,675,455, 5,694,272, 5,698,911, 5,883,761 and 5,914,836. 
[0004] However, rotary actuators based on other principles than a voice coil 
have also been disclosed. The published Japanese patent application 61-154471 
for Matsushita, inventor Yukihiro Ashizaki, discloses a disc head rotary actuator 
having six wound stator poles arranged in two sets of three poles. The three poles in 
a pole set are each driven by one of three currents 120° out of phase with each 
other. The stator seems to cover a mechanical sector of about 45°. The rotor seems 
to have several permanent magnet poles. The published Japanese patent 
application 61-124254 for Matsushita, inventor Hiroaki Taame, discloses a disc head 
rotary actuator having three wound rotor poles connected to different phases. The 
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stator seems to cover a mechanical sector of about 45° and seems to have several 
permanent magnet poles. 

[0005] U.S. patent 4,968,909 for Rand H. Hulsing, II discloses an actuator 
having two wound stator pole pairs in the centre and a soft magnetic rotor that can 
be attracted to either of the stator pole pairs. The motor is fully symmetric around the 
rotor shaft. There are three separate windings and no permanent magnets. In U.S. 
5,270,594 a similar basic design is disclosed. 

[0006] U.S. patent 5,025,201 for Alexander Berger discloses a resolver having a 
. 10° range and a stator covering a sector of some 90°. There are no permanent 
magnets. As is normal for a resolver, there are two static and one moving phase 
winding, and the magnetic coupling between the moving and the static windings 
depends on the position of the rotor. 

[0007] U.S. patent 5,038,062 for Manabu Shiraki discloses what can be 
described as an inverted voice coil arrangement. In the conventional voice coil 
arrangement a rotor having one or two flat coils located in the same plane moves in 
an air gap with an axial magnet field generated by two stator magnet sets. The 
magnets face a smooth back iron over a radial air gap that is approximately of the 
same length in the direction of flux as are the permanent magnets and the single or 
dual rotor coil(s) move in this air gap. The magnet sets are parallel to the rotor 
movement plane. Instead, in U.S. patent 5,038,062 a rotor with one magnet moves 
between two stator flat coil pairs parallel to the rotor movement plane. The rotor 
magnet causes an axial flux in the air gap, and the flat coils are inserted in this air 
gap. The four coils are connected to the same phase. 

[0008] The published Japanese patent application 2-074143 for Fujitsu, inventor 
Hiroshi Maeta, discloses a design of a rotary actuator that also can be described as 
an inverted voice coil arrangement. The magnets are moving also in this design but 
the air gap flux is radial. Basically there are four moving magnets with equal sectors. 
Two of these are mounted in contact with each other and can be replaced by a 
single magnet covering a sector that is twice that of the two other magnets. Like the 
conventional hard disc voice coil motors, the coils are inserted in the air gap 
between the moving magnets and a smooth back iron. The basically two coils are 
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static, and all coils are connected to the same phase. The published European 
patent application 0 127 058 for BASF, inventors Klaus Manzke et al M discloses a 
similar arrangement having two coils in the radial air gap between four magnets and 
a smooth back iron. The two coils are connected to the same phase. 
[0009] The published German patent application 19 816 201 for Seiko 
Instruments, inventors Takashi Ishida et al., discloses a rotary actuator having a 
rotor carrying permanent magnets creating a flux in the radial direction. Around the 
rotor at least two ironless coils are arranged. The coils are either wound around a 
common non-magnetic structure (for example made of a thermoplastic) or wound 
one by one and inserted in slots in a nonmagnetic stator coil fixture. All coils are 
connected to the same phase. The stator and rotor are symmetric around the shaft 
and covers a 360° sector. 

[0010] U.S. patent 5,557,152 for Raymond G. Gauthier discloses a rotary 
actuator having one or two coils in the stator. Both coils are connected to the same 
phase. The rotor carries one or two permanent magnets and the flux in the air gap is 
axial. The rotor also carries the back iron required by these magnets. Unlike the 
other single phase designs described above, there are stator poles made of a 
magnetically highly permeable material, and the stator coils are placed around these 
stator poles. The design shown uses a very large air gap (about 2.5 mm) to reduce 
the otherwise enormous cogging torque that is inherent in the design. 

SUMMARY OF THE INVENTION 
[0011] It is therefore an object of the invention is to provide a compact actuator 
having a high output power/loss ratio. 

[0012] Another object of the invention is to provide a compact actuator using 
feedback and having a low total length. 

[0013] Another object of the invention is to provide an actuator having a high flux 
density in the air gap. Assuming that all other factors are equal, a higher air gap flux 
density increases efficiency. 
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[0014] Another object of the invention is to provide an actuator having an air gap 
that does not contain any winding. An air gap without winding can be much thinner, 
thus permitting a higher air gap flux density. 

[0015] Another object of the invention is to provide an actuator that combines a 
thin air gap with a very low cogging torque. 

[0016] Another object of the invention is to provide an actuator comprising both a 
low inductance and a high motor constant and thus permitting a fast response. 
[0017] Another object of the invention is to provide an actuator having both a low 
inductance and a high motor constant and thus permitting a fast response so that a 
low exciting voltage can create a fast current change resulting in a fast change of 
torque. 

[0018] Another object of the invention is to provide an actuator system having 
both a low resistance, to permit low losses, and a short time constant, to permit a 
fast response. 

[0019] Another object of the invention is to provide an efficient and compact 
actuator having a single phase winding and thus having a reduced required current 
bandwidth. 

[0020] A single phase motor can in principle make a full step move with a single 
period of current change (as shown for example in conjunction with the discussion of 
Figs. 13a - 13e below), whereas a polyphase motor requires several periods (the 
motor shown in the cited Japanese application 61-124254 seems to require some 10 
full periods for a full range step). A single phase motor can therefore perform faster 
and achieve more precisely controlled movements for a given inductance and 
excitation voltage. 

[0021] Thus, generally an electromagnetic rotary actuator is driven or controlled 
by a single voltage. The actuator comprises a rotor which can move about an axis 
and which has a permanent magnet or permanent magnets comprising at least two 
pairs of radially located north-south poles. The actuator further comprises a stator 
having pole teeth carrying at least one winding, the pole teeth preferably have the 
same angular pitch as the pairs of north-south poles of the permanent magnet(s). An 
airgap is formed between facing surfaces of the permanent magnets and of the pole 
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teeth, these facing surfaces being located close to each other to create a small 
airgap, which can be smaller than 0.5 mm and preferably smaller than 0.3 mm. The 
permanent magnets are arranged, so that the magnetic flux lines derived therefrom 
extend in the airgap substantially in a radial direction from or towards the axis. The 
airgap has a shape substantially corresponding to part of a cylindrical shell. The 
stator is made of a magnetically permeable material, in particular a soft-iron material, 
and always has at least three pole teeth. The at least one winding is applied around 
a central one of the pole teeth. 

[0022] The actuator can comprise only three pole teeth and then the pole teeth 
can be arranged within an angle, taken from the axis, of at most somewhat more 
than a third of a full turn, in particular within an angle smaller than 140° or preferably 
smaller than 130°. In the case where the actuator comprises only five pole teeth the 
pole teeth can be arranged within an angle of at most somewhat more than half a full 
turn, in particular within an angle smaller than 225°. 

[0023] Furthermore, the actuator can have other favourable dimensions. Thus, a 
first angular sector between the two outmost ends of the stator pole parts which face 
the air gap can be substantially equal or advantageously wider than the sum of the 
angular range of the rotor movement, i.e. the peak to peak movement of the rotor, 
and the angular sector between the two outmost ends of the rotor magnet pole parts 
facing the air gap. The angular sector between the two ends of a stator pole part 
facing the air gap can be longer than the sum of the peak to peak movement of the 
rotor and the angular sector from an end of the rotor magnet pole part facing the air 
gap and the nearest end of the adjacent rotor magnet pole part facing the air gap. 
[0024] Also, the normally part-cylindrical surface of at least one stator pole part 
such as the outer-most pole part which faces the rotor magnet pole parts to create 
the air gap can have an adjusted shape to reduce the cogging torque of the 
actuator, for example, having a portion located outside of the part-cylindrical surface, 
to reduce cogging torque of the actuator. 

[0025] Each of the stator poles carrying winding coils can have a reduced height 
in the axial direction at places of the stator pole where the winding coil is located, 
thereby permitting a portion of the stator pole located at the airgap and at a radially 
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inner surface of the stator pole to be longer in the axial direction than a portion of the 
stator pole located inside the stator pole winding. This special design of the stator 
poles can also be used in many other conventional electromagnetic rotary machines 
such as controllable polyphase motors and step motors. 

[0026] An electronic circuit suitable for driving a single phase rotary actuator 
such as those of the kind described herein but also of other devices of similar kinds, 
particularly an actuator having a long electric time constant, is then connected to a 
winding or windings of the actuator and has a resistance changer that is adapted to 
increase a resistance in series with the actuator winding or the series resistance of 
the actuator winding when a longer electric time constant is advantageous or 
required and to reduce the resistance in series with the actuator winding or the 
series resistance of the actuator winding when a short electric time constant is 
advantageous or required. The resistance changer can advantageously comprise a 
first bridge leg directly connected to a terminal of the actuator winding and a second 
bridge leg connected through a resistor to the same terminal of the actuator coil. 
Alternatively, the resistance changer can vary the impedance or resistance of a 
resistor of the type having controllable resistances such as MOSFETs. 
[0027] Additional objects and advantages of the invention will be set forth in the 
description which follows, and in part will be obvious from the description, or may be 
learned by practice of the invention. The objects and advantages of the invention 
may be realized and obtained by the methods, processes, instrumentalities and 
combinations particularly pointed out in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0028] While the novel features of the invention are set forth with particularly in 
the appended claims, a complete understanding of the invention, both as to 
organization and content, and of the above and other features thereof may be 
gained from and the invention will be better appreciated from a consideration of the 
following detailed description of non-limiting embodiments presented hereinbelow 
with reference to the accompanying drawings, wherein: 
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[0029] Fig. 1 is a schematic axial view of an electric rotary actuator having three 
stator poles, only one of which carries a winding, and an incremental encoder; 
[0030] Fig. 2 is a view similar to that of Fig. 1 of an electric rotary actuator having 
five stator poles carrying windings, an analog tachometer and an incremental 
encoder; 

[0031] Fig. 3 is a schematic axial view of a hard disc drive head actuator having 
five stator poles only three of which carrying winding; 

[0032] Fig. 4 is a view similar to that of Fig. 3 of a hard disc drive head actuator 

having three stator poles which all carry windings; 

[0033] Fig. 5a is a fragmentary view of only the actuator of Fig. 4; 

[0034] Fig. 5b is a sectional view taken along the line A-A of Fig. 5a; 

[0035] Fig. 6a is a fragmentary view similar to that of Fig. 5a of a hard disc drive 

head actuator having three stator poles only a central one of which carries a winding 

and has a reduced height where the winding is located; 

[0036] Fig. 6b is a sectional view taken along the line A-A of Fig. 6a; 

[0037] Figs. 7a - 7e are time diagrams of speed, position, current, voltage and 

resistive loss respectively for a long step for a voice coil motor; 

[0038] Figs. 8a - 8e are time diagrams of speed, position, current, voltage and 

resistive loss respectively for a short step for a voice coil motor; 

[0039] Fig. 9 is a sectional view of an electric rotary actuator having short rotor 

magnets and three thin stator coils that fits into a single piece stator of laminated 

steel having five stator poles two of which thus do not carry any winding; 

[0040] Fig. 10 is a schematic view similar to that of Fig. 9 showing the stator 

during assembly of the three coils; 

[0041] Fig. 1 1a is a circuit diagram of a partly linear control electronic system for 
an actuator according to Fig. 9; 

[0042] Fig. 11b is a circuit diagram of another partly linear control electronic 
system for an actuator according to Fig. 9; 

[0043] Fig. 1 1c is a circuit diagram of a switched control electronic system for a 
motor according to Fig. 9; 
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[0044] Figs. 1 2a - 12e are time diagrams of speed, position, current, voltage and 
resistive loss respectively for a long step for the actuator shown in Fig. 9 using 
conventional electronic drive circuits; 

[0045] Figs. 1 3a - 1 3e are time diagrams of speed, position, current, voltage and 
resistive loss respectively for a high speed, long step for the actuator shown in Fig. 9 
using more complex electronic drive circuits; 

[0046] Figs. 14a - 14e are time diagrams of speed, position, current, voltage and 
resistive loss respectively for a short step for the actuator shown in Fig. 9 using more 
complex electronic drive circuits; 

[0047] Fig. 15 is a fragmentary axial view of an actuator having rectangular 
section magnets and an arrangement to reduce cogging torques; and 
[0048] Fig. 16 a schematic view similar to that of Fig. 9 showing an actuator 
having five stator poles, two of which carry no windings, and a rotor carrying a 
single, specially magnetized permanent magnet having the shape of a cylindrical 
shell that is magnetised to have four magnet poles. 

DETAILED DESCRIPTION 
[0049] In Fig. 1 a basic torque producing arrangement in an electric rotary 
actuator is shown. The rotor 101 is rotatable around an axis 101' and carries two 
permanent magnets at its peripheral surface. The rotor magnets are magnetised 
radially to have opposing polarities, as also shown in the embodiment of Fig. 2 to be 
discussed below. This means that if one permanent magnet has its north pole 
distant from the axis 101' the adjacent permanent magnet or magnets have their 
south pole located distant from the axis. 

[0050] Three pole pieces 103, 104, 105 form a stator and they all have an 
identical shape, only the center pole carrying a winding or coil 102. The pole pieces 
have substantially a T-shape with a web portion projecting towards said axis and two 
arms joined to the web at the end thereof distant of the axis. Arms of adjacent pole 
pieces are joined to each other or abut each other. The low portion of the web, 
located closer to the axis carries small triangular peripheral projections, the free 
edges of these projections being located close to each other for adjacent pole 
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pieces. The coil 102 is wound around a portion of the web of the central pole piece 
which has a uniform width, located between the arms and the triangular projections. 
Between the inner surfaces of the webs of the poles and the outer surface of the 
permanent magnets a narrow airgap is formed, which has the shape of thin part- 
cylindrical shell having a uniform thickness. Thus, the inner surfaces of the webs and 
the facing outer surfaces of the permanent magnets all have part-cylindrical shapes. 
[0051] The permanent magnets can advantageously be made of a high energy 
material like FeNdB. The rotor magnet poles have the same angular pitch as the 
stator poles. In Fig. 1, the pitch 108 is 26°. The angular range of the movement 107 
of the rotor from its centre position to any of its two end or extreme positions is 9°, 
i.e. its movement is from the centre position corresponding to 0° to the left end 
position at -9° and to the right end position at +9°. The angular half-width 109 of the 
magnet poles (10.6°) is larger than the maximum rotor displacement 107 (9°) from 
its centre position. Two consequences of these angular relations are of interest: 
[0052] The stator poles cover a total sector of 3 x 26 = 78° and the rotor magnet 
poles only 10.6 + 26 + 10.6 = 47.2°. When the rotor is in its centre position there is a 
margin 110 of (78-47.2)/2 = 15.4° from the outmost ends of a stator pole to the 
outmost end of the adjacent rotor pole. As the maximum rotor movement 107 is 9° in 
either direction from the centre position, there will always be a sector of a stator pole 
on both sides of each rotor magnet. In Fig. 1 the two extreme rotor positions, i.e. its 
left-most and right-most positions, are indicated by the thin contour lines 112 and 
113. This geometry reduces cogging torque. 

[0053] The centre stator pole 104 will always face at least a small part of two 
rotor magnet poles. With the rotor 101 in the central position shown in Fig. 1, the 
total magnetic flux through the stator winding 102 will be zero as shown by the 
drawn flux lines. If the rotor 101 is turned clockwise, more and more flux will pass the 
centre leg of the centre and right poles 104 and 105 and thereby also through the 
single coil 102. In the clockwise extreme position, there will be no flux through the 
centre of left pole 103. The centre pole 104 (and its winding 102) will therefore 
obtain twice as much flux change for a given angular movement as will be obtained 
by the left and right poles 103 and 105. 
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[0054] The angular sector 1 08 between the two ends of a stator pole part facing 
the air gap (26°) is longer than the sum of the peak to peak movement (2 times item 
107 or 18°) of the rotor and angular sector 111 (4.8°) from an end of the rotor 
magnet pole part facing the air gap and the nearest end of the adjacent rotor magnet 
pole part facing the air gap. A consequence of this is that the centre stator pole 
always faces parts of two rotor magnets. The doubling of the flux change caused by 
a rotor displacement therefore occurs over the whole movement span of the rotor (in 
the case of Fig. 1 , over the angular movement range of 18°). 

[0055] As there is no winding around poles 1 03 and 1 05, the winding around the 
central pole 104 can be made relatively larger. 

[0056] By attaching an encoder disc segment, not shown, to the rotor 101, an 
optical receiver 106 sensing the position of the segment can give encoded signals 
from which the position of the device can be determined. 

[0057] Fig. 2 shows another embodiment of a rotary actuator having five stator 
poles 201 - 205 of the same basic shape as in Fig. 1 which all carry windings. The 
rotor 206 then carries four permanent magnets, one less than the number of stator 
poles, the magnets having, as indicated above, alternating magnetization directions, 
as seen when passing peripherally over the rotor. For the rotor 206 being in the 
position shown, the total flux through the stator windings of poles 201 and 205 will 
be 50% of the maximum value and the flux through the three central poles 202 - 204 
will be zero as already illustrated for Fig. 1. If the rotor 101 is turned clockwise, more 
and more flux will pass the centre leg of the right poles 202 - 205 and thereby also 
through the coils wound around these poles. In the clockwise extreme position, there 
will be no flux through the centre of the left pole 201 and 100% through the other 
poles 202 - 205. The central poles 202 - 204 (and their windings) will therefore 
obtain twice as much flux change (from 0 to 100%) for a given angular movement as 
will be obtained by the left-most pole 201 (from 50% to 0%) and the right-most pole 
205 (from 50% to 100%). 

[0058] An alternative to the embodiment of Fig. 2 is to only arrange windings 
around the three central poles 202 - 204. This will give a slightly higher copper loss 
for the same torque, but obviously lower winding costs: 
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Table 1 



3 coils 5 coils 



5 



Resistance 3 
Motor constant (kT) 6(=3x2) 8(=1 +3x2+1 ) 

Required current 0.166666 0.125 

Cu loss 0.083333 0.078125 

(Coil resistance, torque and kT for the outer poles, the coil resistance and the output 
torque being normalized to 1.0 in Table 1) 

[0059] By attaching an encoder disc segment, not shown, to the rotor 206 an 
optical receiver 207 sensing the position of the segment can give encoded signals 
from which the angular position of the rotor can be determined. 
[0060] By adding two magnets 208 and 209 to the rotor 206 and placing a static 
coil 210 as shown with a static back iron, not shown, an analog tachometer signal 
can be obtained from which also the position of the rotor can be determined. 
[0061] In Fig. 3 a hard disc drive head actuator is shown. The disc head(s) for 
reading/writing the tracks on the disc(s) are mounted at the point(s) of the arm(s) 
301 which can sweep over a 25° sector that covers the active surface of the disc(s) 
302. The disc rotates around a central motor 303. The arm is moved by a 
motor/actuator of the basic type as discussed above having five stator poles the 
three central ones of which (like 306) carry windings and the two remaining extremal 
or outer poles (like 305) are unwound. There are thus three coils, one of the two 
cross sections of one coil is denoted by 304. The four permanent rotor magnets 308 
are mounted on two soft-iron parts like 307 attached to the arm at the rotary axis 
thereof. The two unwound poles like 305 will reduce the stray flux from the coils of 
the wound stator poles. 

[0062] In Fig. 4 another embodiment of a hard disc drive head actuator is 
shown. The disc head arm is moved by a motor/actuator having three stator poles 
two (405) of which are wound with a coil like 404 having a smaller cross-sectiona! 
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area. The centre pole 406 is wound with a coil 409 having a larger cross-sectional 
area. As the flux change in the centre pole 406 is approximately twice that of the two 
other poles 405, it can be advantageous to have more winding turns in the centre 
coil 409 than in the coils like 404. In the embodiment shown in Fig. 4, the centre 409 
coil has a cross-sectional area corresponding to 1.4 times the cross-sectional area 
of anyone of the side coils like 404, but can advantageously have a number of 
winding turns corresponding to 2.9 times the winding turns of each of the side coils. 
All three coils can be connected in series to be all energized by the same single- 
phase voltage. 

[0063] The stator shown consists of five parts, the two side poles like 405, the 
centre pole 406 and two back iron parts like 410. This arrangement permits the 
poles 405 - 406 to be inserted into already wound coils. The five parts are then 
assembled together. The five parts can be made as laminations of punched electric 
steel, possibly using oriented steels. 

[0064] In Figs. 5a, 5b the actuator of Fig. 4 is shown in two projections. The 
permanent magnets 408 and soft magnetic parts like 407, 405, 410 and 406 all have 
the same height, the height being measured parallel to the rotational axis; the total 
height of the actuator is given by the coils like 409. 

[0065] In Figs. 6a, 6b two projections of another embodiment of a hard disc drive 
head actuator is shown. This embodiment has like the actuator of Figs. 4 - 5b three 
stator poles one of which is wound and has a reduced height at the web portion 
where the winding is located. The two outer poles like 602 have the same height as 
the rotor magnets and the back iron 601. The outer parts of the wound pole has also 
the same height 61 1 as the rotor magnets and back iron 601 , so that only the portion 
inside the coil 609 has a reduced height 610. The coil 609 is slightly higher than the 
height 61 1 of the permanent and soft iron parts to permit a direct contact with the top 
613 and bottom 612 of the hard disc drive enclosure. 

[0066] As the flux in the soft iron parts 602 of the stator will flow practically 
parallel to the plane of the upper projection, they can advantageously be made from 
laminated electric steel. The soft iron part 601 of the rotor can be solid. In the two 
parts 603 and 604, the flux moves in three dimensions and these parts can be made 
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of compressed soft iron powder to reduce eddy currents. Alternatively, they can be 
made of laminated steel. Yet another alternative is to have the thinner part inside the 
coil made of a laminated FeCo-alloy and the outer parts of a soft iron metal powder. 
[0067] The arrangement of Fig. 6 permits the use of a larger air gap flux, since it 
carries basically the same flux intensity but has a larger area due to the higher 
magnets, and a winding having a low resistance. 

[0068] Conventional hard disc drives often use voice coil head actuators. Such 
actuators have a coil similar to the tachometer coil 210 shown in Fig. 2. The coil is 
rigidly connected to the disc head arm. There are two sets of magnets like 208 and 
209, one set below and another set above the coil 210. The magnets are fixed to the 
hard disc chassis. The coil is therefore thermally insulated from the chassis by air 
gaps. A voice coil actuator from a 100 x 145 x 23 mm hard disc drive was partly 
disassembled and measured. The motor constant was measured to 0.139 
Vs/radian, the voice coil inductance amounted to 3.7 mH and the coil resistance to 
36.8 Ohms. The inertia of the rotor of the voice coil actuator was estimated to 19.0 
g em 2 and the inertia of the disk head arm was assumed to be 19.5 g em 2 . 
[0069] Figs. 7a - 7e show time diagrams for the prior art disc drive motor 
described in the preceding paragraph. The actuator is assumed to be driven by a 
voltage of +11 V during acceleration and by -11 V during the retardation phase. The 
movement shown is large: 0.2 radians are close to half the total movement range of 
the disk head arm. The vertical scale of all Figs. 7a - 7e are normalised to the same 
peak-to-peak range. Fig. 7a shows the angular speed, Fig. 7b shows the angular 
distance travelled, Fig. 7c shows the actuator coil current where the thin horizontal 
line represents zero current, Fig. 7d shows the actuator coil voltage and Fig. 7e 
shows losses due to the resistance of the actuator coil and serial resistors such as 
1 1 03, 1 1 04 or 1 1 21 of Figs. 1 1 a, 1 1 b or 1 1 c to be described below. 
[0070] Figs. 8a - 8e show similar diagrams for a short step of 0.004 radian 
(approximately 1% of the total movement possible) for the prior art disc drive 
actuator described above. 

[0071] Fig. 9 shows a hard disc drive head actuator similar to the one shown in 
Fig. 3. The motor/actuator has five stator poles, three of which 902 - 904 are wound 
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and two of which 901 and 905 are unwound. Thus, there are three coils 906 - 908 
shown as cross sections 906a - 908b. The four permanent magnets such as 909 
and 910 are mounted on a ferromagnetic (soft-iron) rotor support 912. The actuator 
has been designed for a 2x12.5° peak-to-peak movement range. As each 
permanent magnet has an angular extension of 14.3°, each of the three centrally 
located magnets will for any rotor position simultaneously face parts of two rotor 
magnets. 

[0072] As the coils are thin, most of the height of the motor/actuator can be 
occupied by the laminated stator, thus permitting a relatively high rotor and high 
magnets and consequently a large torque constant. The coils can be lightly pressed 
between the upper and lower disc drive encasement, not shown, and the stator 
lamination, thus permitting a low thermal impedance between the coils and the disc 
drive chassis. 

[0073] Another advantage of using thin coils is that they can be inserted around 
a stator pole through the air gap between adjacent poles as illustrated in Fig. 10. 
This permits a low assembly cost. It also permits the production of the whole stator 
as one single laminated part or unit. 

[0074] The windings of the actuator have been adjusted to give the same motor 
constant as for the voice coil actuator. The inductance then becomes 3.3 mH 
(slightly less than for the voice coil actuator) and the resistance 3.66 Ohm, less than 
10% of that of the voice coil actuator. The rotor inertia is somewhat larger than that 
of the voice coil actuator, 27 g-cm 2 . 

[0075] In Fig. 11a a diagram of an example of an electronic circuit suitable to 
drive an actuator according to Fig. 9 is shown. The stator coils connected in series 
with each other are represented by the single coil 1 101 . A first end of the combined 
coil is connected to the output terminal of a linear amplifier 1102 delivering the 
current controlling the current in the coil for positioning the rotor of the actuator in 
accordance with the current. The other, second end of the combined actuator coil is 
through a first resistor 1103 and a first switch 1105 connected a positive supply or 
drive voltage of e.g. 12 V and through a second resistor 1104 and a second switch 
1 106 connected the ground potential. The same end of the combined actuator coil is 
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further through a third switch 1107 connected the positive supply voltage and 
through a fourth switch 1108 connected the ground potential. The third and fourth 
switches are connected in parallel with diodes 1 109, 1 1 10 respectively. The first end 
of the combined actuator coil is also connected to the supply voltage and the ground 
potential through diodes 1111,1112 respectively. A capacitor 1 122 connects the line 
carrying the supply voltage with the ground potential. The first and second switches 
1105, 1106 can be called the high resistance switch set and the third and fourth 
switches 1 107, 1 108 together with their diodes 1 109, 1 1 10 connected in parallel can 
be called a low resistance switch set. 

[0076] As the resistance of the actuator can be far lower than that of a voice coil 
motor the time constant is much longer. When the elements 1107- 1110 are 
deactivated and one or both of the two switches 1105 and 1106 are activated, the 
two resistors 1 103 and/or 1 104 will be connected in series with the motor coil 1101. 
Thereby the total resistance can be increased to give a time constant similar to that 
of a voice coil motor, which simplifies control of the current to be delivered to the coil 
in the final phase of positioning the rotor of the actuator. 

[0077] For the earlier stages of a movement a high motor resistance is only a 
disadvantage. During those phases, one of the switches 1107 or 1108 can be 
enabled. For example, a movement can be initiated by setting the linear amplifier 
output to +11.3V and enabling switch 1108, thus giving some 11 V over the 
combined actuator coil 1 101 . The diodes 1111 and 1112 permit a slow decay of the 
current through the actuator if the linear amplifier 1102 is set to have a high 
impedance output stage; current driven by the actuator coil inductance can then 
pass for example the switch 1108 and the diode 1112, thus meeting a low voltage. 
An example of the operation is given in Fig. 13 which will be discussed below. 
[0078] Fig. 11b shows a diagram of another example of a switched electronic 
circuit suitable to drive an actuator of the kind illustrated in Fig. 9 using a higher 
voltage for the low resistance switch set. The higher voltage is generated by 
elements 1125 and 1126 which can be inductively or capacitively switched voltage 
multipliers. The first resistor 1103 and the first switch 1 105 are here also connected 
in series with a diode 1127 and the second resistor 1104 and the second switch 
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1106 in series with a diode 1128. The special elements 1125, 1126 have first 
terminals connected to the supply voltage line and the ground potential line 
respectively. Their opposite, second terminals then have voltages being somewhat 
more positive or somewhat more negative than the supply voltage and the ground 
potential respectively. To these second terminals are the third and fourth switches 
1107, 1108 and their associated diodes 1109, 1110 connected. The second 
terminals are also connected to the respective supply and ground lines through 
capacitors 1123, 1124. An example of the operation of the circuit of Fig. 11b will be 
given in conjunction with Figs. 14a - 14e as discussed below. 

[0079] A large portion of the energy supplied to the actuator during acceleration 
will automatically be returned to the capacitors 1123 - 1124 during retardation, and 
the elements 1125 and 1126 must only supply the net loss. Thus, according to the 
simulation illustrated by the diagrams of Figs. 14a - 14e, 0.188 mC is taken from the 
capacitor 1124 and/or the supply 1126 during the acceleration phase (the first 180 
ps). During the period from 580 to 750 ps, 0.164 mC is returned to the capacitor 
1124. The net charge required is therefore only 0.024 mC. The net charge required 
from the capacitor 1 123 is even less, only 0.003 mC. 

[0080] Fig. 11c shows a diagram of another example of a switched electronic 
system suitable to drive an actuator of the type shown in Fig. 9. It is generally a 
conventional H-bridge which has been modified by adding a series resistor and a 
switch set. As compared to the circuit diagram of Fig. 11a, the first and second 
resistors are here replaced by a single resistor 1121, which is thus at one end 
connected to the second of the coil 1101. The other end of the resistor is connected 
to the supply line through a combination of a switch 1117 connected in parallel with 
a diode 1119 and to the ground line through a combination of a switch 1118 
connected in parallel with a diode 1120. The diodes 1115, 1116 in the lines 
connecting the first end of the coil 1001 to the supply line and the ground line are 
here connected in parallel with switches 1 1 13, 1 1 14. 

[0081] For the earlier parts of a movement, one of the switches 1107 or 1108 
can be enabled. For example, a movement can be initiated by enabling switches 
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1113 and 1108, thus giving almost the full supply voltage over the combined 
actuator coil 1101. 

[0082] At the end of a movement, the time constant of the actuator can be 
increased by disabling the switches 1107, 1108 connected directly to the second 
end of the coil and enabling the switches 1117, 1118 connected to the same end 
through the resistor 1121. Assuming that the current is low enough, the voltage 
caused by the actuator coil current passing the resistor 1121 will be within the supply 
voltage of the circuit (in other cases one of the diodes 1109, 1110 will let current 
pass). 

[0083] Figs. 11a- 11c only show examples of many possible alternative drive 
circuits. The switches shown have bipolar transistor symbols; obviously any fast 
switch can be used. The extra resistance used to reduce actuator time constant is 
shown as discrete resistors and switches; alternatively devices having a controlled 
resistance such as linear MOSFETs can be used. 

[0084] Figs. 12a - 12e show time diagrams for the actuator of Fig. 9 for the same 
step as that used for a voice coil actuator having the time diagrams of Figs. 7a - 7e. 
The actuator is run with a constant resistance. A possible driving circuit could then 
correspond to that of Fig. 11a with the components 1103 - 1106 removed. During 
the first approx 2.75 ms the driving voltage shown in Fig. 12d is positive. During the 
following phase (some 0.75 ms) the voltage is reversed and in the final phase it is 
restored to its former value. As can be seen, the actuator current, shown in Fig. 12c, 
and the speed, shown in Fig. 12a, reach zero at the same time. The time constants 
for the speed and current are however similar. As the speed is adjusted by the 
current, any servo adjustment of the speed close to the end of the movement would 
require a change in the current. The result would be that the speed could easily be 
set to zero at the right position, but if the current would then be different from zero, 
the resulting torque would rapidly move the rotor away from its required position. 
However, it can be observed that the step is done in 4.33 ms against 9.0 ms for the 
prior art voice coil actuator. 

[0085] Figs. 1 3a - 1 3e show time diagrams for the actuator of Fig. 9 for the same 
step as that used for a voice coil actuator having the time diagrams of Figs. 7a - 7e. 
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The diagrams illustrate the step time reduction which can be obtained using the 
actuator of Fig. 9 driven by the circuit shown in Fig. 11a. The actuator is in this case 
run with an added resistance during the final positioning phase. During the first 1.5 
ms the driving voltage shown in Fig. 13d is positive, for example by having the linear 
power amplifier starting at +1 1.3 V and having the switch 1 108 enabled. During the 
following phase (some 0.4 ms) the current is driven by the energy in the actuator 
inductance and passes the switch 1108 and the diode 1112. The actuator is 
accelerating even though no energy is supplied from the supply. This shows one of 
the advantages of providing a low resistance actuator coil. When the coil energy is 
exhausted, the system continues without any actuator current. Thereafter, the 
driving voltage is reversed and a negative current is increasing. The energy stored in 
this way is then used with another phase of low driving voltage, switch 1107 and 
diode 1111. During the final phase, an extra resistance is connected by enabling 
switches 1105 and 1106 and disabling the two switches 1107 and 1108. As can be 
seen, the actuator current and the speed reach zero at the same time. The time 
constant of the current is in this case much shorter. In the final phase, the time 
constant of the actuator is similar to that of the prior art voice coil motor, and should 
also permit the same ease of control as prior art voice coil motors. The driving 
voltage from the amplifier is only 0.5 V. This is arranged as a linear amplifier output 
of 6.5 V at the left end of the combined coil 1 101 and 6.0 V in series with the parallel 
value of resistors 1 103 and 1 104 in the other end. It can be observed that the step is 
done in 4.5 ms against 9.0 ms for the prior art voice coil motor, that is half the time 
required for the prior art motor, whereas the total resistive losses are almost the 
same: 3.2 mJ for the step shown in the diagrams of Figs. 13a - 13e and 3.3 mJ for 
the voice coil motor step shown in the diagram of Figs. 8a - 8e. 
[0086] Figs. 14a - 14e show time diagrams for the actuator of Fig. 9 for the same 
short step as that used for a voice coil actuator as illustrated by the diagrams of Figs. 
8a - 8e, see the discussion of Fig. 11b. 

[0087] The actuator as depicted in Fig. 9 has been laid out rather randomly, and 
its winding has been selected to have the same motor constant as that of a 
randomly selected prior art voice coil actuator. Depending on the driving policy used, 
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it permits a significant reduction of step time or of power consumption. By adjusting 
the actuator design parameters to the required properties of the actuator system, the 
improvement in the most critical parameter can probably be far larger than what has 
been shown above. 

[0088] Fig. 15 shows a section through an actuator similar to that of Fig. 9 
having non-cylindrical pole surfaces to reduce cogging torque. The surface 1501 of 
an outermost stator pole 905 (and 901) is non-cylindrical. The thin dotted line 1502 
represents a cylindrical pole surface having the same radius as that of the adjacent, 
more centrally located pole 904. Thus, only the outermost portion, as seen in the 
peripheral direction, of the surface at the airgap has to be modified and this portion 
can be located a little radially outside the cylindrical surface extending through the 
surfaces of the centrally located stator poles and through the rest of the considered 
outermost stator pole. The air gap between the outermost pole 905 and the rotor 
magnet 910 will thereby different for different positions of the rotor. This shape will 
create a cogging torque that for a suitable shape of the surface 1501 will balance the 
cogging torque generated by the remaining system. By having a slightly different 
shape of the surface 1501 on pole 905 and the corresponding surface on pole 901 
as of Fig. 9, a small, fairly constant torque can be obtained that in a no current state 
will overcome the friction and force the rotor to an end position resulting in an 
automatic parking of the disc drive head. This can be completed with a shape close 
to the parking end position permitting a torque close to this position sufficient to keep 
the disc drive head in the home position even in case of moderate shocks, for 
example during transports. The principle has been verified by simulations. Some 10 
man-hours of work gave a system with a maximum cogging torque of some 0.5% of 
the actuator peak torque, and substantial improvements are likely if more work is 
invested. 

[0089] Fig. 15 also shows magnets having a rectangular cross-section; it is often 
less expensive to produce such magnets than magnets having one side shaped as 
a circle segment as shown in the other figures. The rectangular shape gives a 
slightly lower torque. However, the arrangement to reduce cogging torque is 
applicable also for other magnet shapes. 
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[0090] In Fig. 16 an actuator is shown which has the magnet poles integrated in 
a single cylinder segment magnet. 

[0091] The hard disc head actuators of Figs. 3, 4, and 9 permit the lower part of 
the actuator coils to be in direct contact with the hard disc chassis. The upper part of 
the coils can be in thermal contact with the hard disc outside case. As the chassis 
and the case often are made of aluminium, this permits a very low thermal 
resistance to the air outside the hard disc drive. This permits higher thermal loads for 
the coils than what can be accepted for the thermally insulated coil of a voice coil 
actuator. The torque available for a given copper loss is also significantly higher than 
for conventional voice coil actuators. Combined, this permits significantly faster head 
accelerations. 

[0092] The actuators described above are compact and have a high output 
power/loss ratio, in particular as compared to conventional voice coil actuators. Even 
though the embodiment shown in Fig. 9 uses coils having a very thin cross section 
and has the same dimensions and the same motor constant as a conventional voice 
coil motor, the resistance is less than 10% of that of the voice coil motor. This 
permits more than three times more current at the same copper loss. The hard disc 
head actuators illustrated in Figs. 3, 4 and 9 permit the upper and lower part of the 
actuator coils to be in direct contact with available heat sinks such as a hard disc 
chassis. This permits a very low thermal resistance to the ambient air. This permits 
higher thermal loads for the coils than what can be accepted for the thermally 
insulated coil of a voice coil actuator. Embodiments having a much larger coil cross 
section such as shown in Fig. 6 permit much higher torques for a given copper loss. 
[0093] The actuators described above also have a high flux density in the air 
gap. Assuming that all other factors are equal, a higher air gap flux increases 
efficiency. As can be seen for example in Fig. 2, the flux will pass only a thin air gap; 
the remaining flux path consists of soft iron or permanent magnets. 
[0094] Furthermore, actuators described above combine a thin air gap with a 
very low cogging torque. This is primarily obtained by the inherently magnetically 
balanced design and is further improved by the compensation arrangement 
described with reference to Fig. 15. 
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[0095] Also, the actuators described above have both a low inductance and a 
high motor constant thus permitting a fast response. The improvement over a voice 
coil motor is small at very small currents and increases with current. This results 
from the fact that much of the excitation voltage is lost in the resistive voltage over 
the high resistance of a voice coil motor. 

[0096] The actuator systems as described above have both a low resistance 
giving low losses and a short time constant permitting a fast response, this being 
achieved when driving the actuators by the circuits depicted in Figs. 1 1a - 1 1c. 
[0097] As is obvious for those skilled in the art, the invention can be modified in 
many ways. The number of poles can be increased. This will however increase the 
complexity and (for a given volume) reduce the air gap radius and the copper area of 
the coils. The rotor magnets can alternatively be placed on the periphery with the 
stator coils close to the centre. However, this will increase inertia. 
[0098] While specific embodiments of the invention have been illustrated and 
described herein, it is realized that numerous additional advantages, modifications 
and changes will readily occur to those skilled in the art. Therefore, the invention in 
its broader aspects is not limited to the specific details, representative devices and 
illustrated examples shown and described herein. Accordingly, various modifications 
may be made without departing from the spirit or scope of the general inventive 
concept as defined by the appended claims and their equivalents. It is therefore to 
be understood that the appended claims are intended to cover all such modifications 
and changes as fall within a true spirit and scope of the invention. 
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